X-ray diffraction, transmission electron microscopy, extended x-ray absorption fine structure spectroscopy, and x-ray photoemission spectroscopy have been used to study the structural properties of Mn x Ge 1−x ion implanted alloys ͑x Ӎ 0.04͒ at 240 and 270°C substrate temperatures. Between 40% and 50% of the Mn atoms are found to occupy substitutional sites. No interstitial Mn atoms are found. The Mn-Ge coordination distance is 2.50͑2͒ Å. Moreover, in the subsurface implanted layer ͓up to 32͑2͒ nm depth͔ all the Mn atoms are effectively diluted in the Ge matrix, reaching a peak doping concentration of 7 ± 1%.
INTRODUCTION
Dilution of magnetic impurities in the substitutional sites of a III-V or group IV semiconductors plays a pivotal role in inducing ferromagnetic character to the electronic properties of the host semiconductors.
1,2 This is a point of crucial importance that needs to be experimentally addressed and clarified, in order to perform any meaningful comparison between experiments and theoretical findings. Dilution of Mn atoms into substitutional sites has been occasionally demonstrated in a direct way only in III-V semiconductors 3, 4 and no direct prove exists for group-IV semiconductors, although dilution has been often claimed in many cases.
1, 5 Excluding the presence o metallic precipitates, as in Ref. 5 , does not represent a prove of the obtained dilution of the metal atoms in the solid. Experimentalists are now quite aware, as demonstrated by Sugahara et al., 6 that, even in this case, significant dilution is quite unlikely, especially for molecular beam epitaxy ͑MBE͒ grown samples. Extended x-ray absorption fine structure ͑EXAFS͒ spectroscopy is the most appropriate technique to have a clear-cut evidence of dilution. Indeed, with its specific chemical selectivity of the photoabsorbing atom, this technique provides with unique structural sensitivity ͑0.01 Å͒ information on the structural and chemical environments of the photoabsorber. In this paper we report a direct evidence of a magnetic impurity dilution into a semiconducting matrix for the MnGe system.
EXPERIMENT

Ge͑100͒
samples were implanted with 2 ϫ 10 16 Mn + /cm 2 at 100 keV, keeping the substrate at temperature of 240 or 270°C. Part of the as-implanted samples have been submitted to mild annealing at 400°C in ultrahigh vacuum ͑UHV͒ to reduce the implantation damage. Transmission electron microscopy ͑TEM͒ and x-ray diffraction ͑XRD͒ measurements were carried out, respectively, with a Philips CM200 microscope and a Siemens D5000 diffractometer operated in Bragg-Brentano mode. X-ray photoemission spectroscopy ͑XPS͒ Mn depth profiles have been taken on the ion implanted alloys as in Ref. 7 . EXAFS Mn K-edge ͑6550 eV͒ measurements were led at room temperature at the BM8 ESRF beamline in conventional fluorescence mode. The EXAFS spectrum of a Mn 5 Ge 3 alloy 8 was measured for reference. After a smooth background subtraction the ͑k͒ signals 9 are calculated for each spectrum, and analyzed with the GNXAS package.
9
RESULTS AND DISCUSSION
In Fig. 1 we summarize the XRD and TEM investigations. The presented information strengthens our quantitative structural evidence of Mn dilution provided by EXAFS. The lower left inset in panel ͑a͒ reports the XRD spectra for the 240 and 270°C implanted samples before and after the 400°C UHV annealing. In all cases, the Ge͑100͒ matrix shows a single crystal phase as only the ͑002͒ peak ͑at 31.40°͒ can be observed. No presence of Mn-rich crystallites is found either in the Mn 5 Ge 3 or in the Mn 11 Ge 8 phase ͑ex-pected peaks at 35.45°and 35.25°, respectively͒ in the 240°C as-implanted sample, whereas a clear peak due to Mn 5 Ge 3 is observed for the other samples. The results of the TEM investigation are focused only on the 240°C samples before and after the UHV annealing, respectively, panels ͑a͒ and ͑b͒ in Fig. 1 ͑same magnification͒. Panel ͑a͒ of Fig. 1 clearly shows the presence of darker clusters into a more uniform gray background matrix. Higher magnification image ͓upper right inset in panel ͑a͔͒ shows their amorphous phase and perfect crystalline arrangement in the surrounding matrix. These clusters are very likely Mn-rich amorphous precipitates as in Ref. 6 . Their size distribution ͑3-15 nm range͒ has a log-normal shape ͑not shown͒ with 7.5± 0.5 nm mean diameter. After annealing ͓Fig. 1͑b͔͒ two major effects are readily noticed: ͑i͒ the presence of nanoclusters showing Moirè fringes ͑"coffee beans" in the image͒ and ͑ii͒ the vanishing of a significant fraction ͑about 50± 5%͒ of nanoclusters. 10 The size distribution of the amorphous nanoclusters is in the range of 3 -10 nm ͑mean of 6.9± 0.5 nm͒. The diameter of the particles with Moirè fringes ranges from 8 to 15 nm ͑mean of 9.8± 0.5 nm͒. Moirè fringes are a straightforward evidence of the crystallinity of the nanoclusters. The upper right inset in panel ͑b͒ shows the crystalline order inside one of such particles, surrounded by the Ge crystalline matrix. A detailed structural analysis of the crystallites indicates that they are in the Mn 5 Ge 3 phase, with the c axis perpendicular to the Ge͑100͒ planes. Moreover, as the Moirè fringes are all aligned, most of the crystallites show a similar c axis orientation. The amorphous/crystalline particle volume ratio is ϳ0.90. The Mn concentration XPS depth profile is also reported in ͓Fig. 1͑b͔͒ ͑graph superimposed on the TEM image͒. Evidently, up to a depth of 32 nm there are no clusters while the corresponding Mn concentration is quite significant ͑up to 7%͒. 11 In particular, the Mn-Mn coordination shell at around 3.05 Å gives a unique signature ͓in the ͑k͒ signal͔ of a Mn 5 Ge 3 -like environment, as no such Mn-Mn coordination can be found in the hypothesis of Mn diluted in the Ge lattice. In particular, the value of 4.9͑1͒ is taken as the reference effective coordination number of this neighbor shell for a pure ͑100%͒ Mn 5 Ge 3 alloy ͑see Table I͒ . Accordingly ͑from the relative ratio to 4.9͒ considering the effective coordination numbers of the Mn-Mn coordination shell at 3.1-3.2 Å in the implanted samples ͑see Table I͒ we obtain that 0.37͑7͒, 0.39͑7͒, 0.35͑7͒, and 0.41͑7͒ are the fractions of the overall Mn atoms in Mn 5 Ge 3 -like environment, respectively, for the 240, 240 ͑annealed͒, 270, and 270°C ͑an-nealed͒ samples. Upon UHV annealing, the Mn-Mn R 3 value of the coordination distance is reduced and approaches the real coordination distance for pure Mn 5 Ge 3 : this is in line with our XRD and TEM observations. Figure 3͑b͒ shows as an example the result of the fitting analysis of the 240°C as-implanted sample, decomposed in the various ␥ structural   FIG. 3 . Panel ͑a͒: ͑k͒ data extracted from the absorption spectra of Fig. 2͑a͒ . The solid lines are the best fitting theoretical total ͑k͒ signals with parameters reported in Table I . The experiment-theory residual is also reported ͑scattered points around the zero level͒. Panel ͑b͒: analysis of the 240°C as-implanted sample decomposed in the three main structural ␥͑k͒ signals. ␥ 1 signal due to Ge neighbors at R = 2.50 Å, ␥ 2 signal due to Mn neighbors at R = 2.09 Å, and ␥ 3 signal due to Mn neighbors at R = 3.20 Å. signals. The Mn-Mn low frequency ␥ 2 signal at R = 2.01 Å is assigned to Mn dimers. The occurrence of Mn dimers ͑at similar coordination distance͒ where both Mn atoms are substitutional in the Ge lattice has been demonstrated to be one of the most energetically favored defects in a Mn doped Ge diluted magnetic semiconductor. 12 As this signal is unique for dimers, being one the coordination number, the measured coordination number related to the dimer signal in Table I gives a direct estimate of the relative Mn concentration in the dimer phase. Namely, this value is 0.23͑8͒ and 0.16͑8͒ for the as-implanted alloys and 0.0 for the annealed samples. Thus, thermal annealing cures the massive presence of such defects in the as-implanted alloy. The ␥ signal corresponding to R Ӎ 2.50 Å is always present in the ͑k͒ fitting analysis. This signal arises from scattering with four Ge neighbors of a substitutional Mn diluted in the Ge matrix. Likewise it is expected in the Mn 5 Ge 3 phase as well. Finally, also Mn in dimers has a similar structural environment of Ge neighbors. Thus, the effective coordination number of this first shell signal has entangled contributions from all the various phases. Therefore, the percentage of Mn in pure substitutional sites of the Ge lattice can be estimated only subtracting out contributions coming from the Mn 5 Ge 3 and dimer phases as calculated above. As a result, we can infer that the relative populations of substitutional Mn are 0.40± 0.15, 0.61± 0.07, 0.49± 0.15, and 0.51± 0.07, for the 240, 240 ͑an-nealed͒, 270, and 270°C ͑annealed͒ samples, respectively. In line with the above estimates, we observe a significant increase of the coordination number ͑from 3.2 to 3.6͒ of the first Mn-Ge shell at 2.5 Å in the 240°C sample annealing. Such an increase can really be assigned to a significant increase of the Mn effective dilution in the Ge matrix. As TEM in Fig. 1 shows that no Mn phase precipitation occurs in a subsurface implanted layer, then the only possible interpretation of EXAFS data consistent with the XPS depth profile ͓Fig. 1͑b͔͒ is that Mn is completely substitutionally diluted in that layer. A similar argument can be used for the asimplanted alloy, although in that case the presence of Mn dimers cannot be excluded.
CONCLUSION
In conclusion XRD, TEM, and EXAFS altogether give a clear and detailed picture of the structural properties of the Mn-Ge ion implanted alloys studied in this work. Beside other phases, in particular, we report quantitative structural evidences of Mn substitutional dilution in the Ge lattice. The average efficiency of Mn dilution of the ion implantation technique is estimated to be 50%, reaching a peak value of 100% in the subsurface implanted layer. 
